Sediment samples collected from 21 sites of the Pearl River networks were investigated by the sequential extraction method. Multiple environmental indices were adopted to evaluate the present and potential risks. Results indicated that concentrations of Cu, Zn, As, Cd, and Pb in most of the sediments were substantially higher than their background values, and the primary sources of the contamination coming from municipal, industrial wastewater discharges and upstream mining were inferred by matrix analysis with comparing special distribution characteristics. Cd was the main factor causing the potential ecological risk in Pearl River networks. The potential mobility of heavy metals was shown in the decreasing order: Cd > Mn > Co > Zn > Ni > Cu > Pb > As > Cr.
Open Access Library Journal caused realistic and potential serious hazards to organisms and human health.
They are typically considered as a high ecological risk chemical pollutant and have attracted increasing attention [1] [2] . The contamination of heavy metals entering aquatic systems could be deposited and co-deposited into sediments by forming a variety of chemical fractions. The chemical stability of sediment-associated heavy metals may be subjected to the aquatic environment, such as the pH value, redox potential, ion strength, and presence of organic chelate. They could exhibit different physical and chemical behaviors, which is a concern in many studies. Once the aquatic environmental condition changed, the contamination of heavy metals may be transferred gradually into the water from sediments and becomes a potential source of biological-availability and toxicity [3] [4]. Heavy metals can be accumulated into aquatic animals from the water environment, and may reach higher levels than the water environment after the migration from sediment to water or to organisms [5] [6] [7] . Evaluating the risk of heavy metals in sediments could offer important information of the overall pollution level, but it was inadequate to perform an assessment on their potential mobility, bioavailability, and environmental risk [8] [9] . The detection and analysis of different chemical forms can facilitate in obtaining more information to determine the degree of mobility, bioavailability, and potential toxicity of heavy metals. The sequential extraction procedure is a widely-applied approach for the qualitative and quantitative analysis of different chemical forms and their binding states in sediments [10] [11] .
The Pearl River networks are located in the Pearl River Delta region of South China, adjacent to the South China Sea, and is the channel connecting land and sea. It is not only one of the most densely populated and economically developed areas in China, but also in the South China primary fishery areas and passage for fish migratory from the South China Sea to the Pearl River. In recent years, along with rapid and extensive industrialization and agricultural growth, a large number of heavy metal contaminants from agriculture, domestic and municipal waters, mining, and processing have directly or indirectly discharged into the Pearl River networks, thus increasing the pollution of heavy metals in the surface sediments [12] [13] [14] . However, information on the distribution and environmental risk assessment of heavy metals in the Pearl River networks is scarce.
In the present study, the sediments from 21 sites in the Pearl River networks were collected and analyzed for heavy metals. The primary objectives are: 1) to determine the concentration, chemical forms, and composition ratios of heavy metals in sediments to evaluate the level of contamination and distribution pattern, 2) to evaluate the pollution source, mobile status, bioavailability, and potential risk.
Materials and Methods

Study Area and Sample Collection
Samples were collected from the Pearl River networks with 21 sites from August Open Access Library Journal to December of 2015. All sampling sites were distinguished into three areas: upstream (6 sites), midstream (7 sites), and estuary (8 sites) ( Figure 1 ). The sediments were collected using a standard Van Veen grab sampler of effective area 250 cm 2 and were homogenized using a Teflon spoon. The samples were transferred into labeled polyethylene containers under freezing conditions (−4˚C) for safe transportation to the laboratory. The samples were then air-dried for nearly 2 -3 days under a fume hood, sieved, and subsequently ground with an agate mortar (grain sizes < 63 μm).
Pretreatment and Analysis of Samples
The determination of heavy metals in sediments were designed to separate metals into four operationally defined fractions modified based on the Tessier sequential extraction method [15] 
Analysis and Quality Control
Ecological Risk Assessment
Potential Migration Ability
The risk assessment code (RAC) was used to reflect the heavy metals potential mobility, which has been widely used in the risk analysis of many studies [19] [11]. The RAC values of heavy metals were calculated according to the content of exchangeable and carbonate fractions to the total concentration ratios [20] .
The guidelines for interpreting the RAC values are as the following: RAC < 1%, no risk; 1% ≤ RAC < 10%, low risk; 10% ≤ RAC < 30%, medium risk; 30% ≤ RAC < 50%, high risk; RAC ≥ 50%, extremely high risk.
Enrichment Factor (EFc)
The enrichment factor (EFc) was applied to estimate and distinguish the heavy metals sourcing from anthropogenic or natural factor contributions, and to infer the information of dissolution in river sediments. The enrichment factors for each of the elements were calculated with the following formula: mg/kg). An AIo of 7.8% was elected as the reference element [21] . The criteria for evaluating sediment EFc were as follows: EFc < 1 indicates non-contamination by metal (crustal origin of the metal) and no enrichment; 1 < EFc < 2 indicates low contamination or minor enrichment; 2 < EFc < 10 indicates moderate contamination or moderate enrichment; EFc >10 indicates significant contamination by metals (non-crustal sources) or severe enrichment.
Potential Ecological Risk
The quantitative classification of potential ecological risk was proposed by Hakanson [22] . The potential ecological risk index was adopted to assess the degree of heavy metal pollution in sediments, according to the toxicity of heavy metal elements, the general migration and transformation law in sediments, and the regional sensitivity to heavy metal pollution. The formula for the potential ecological risk of the monomial element is as follows:
In the formula, i r E is the monomial potential ecological risk index; i r T is a toxicity response parameter of a single contaminated element; i s C is the meas-Open Access Library Journal ured concentration of contaminated elements in the sediments (mg·kg −1 ); i n C is the background value of heavy metals in the sediments. The biotoxicity coefficient ( i r T ) of Cu, Zn, Ni, Cr, Pb, Cd were 5, 1, 5, 2, 5, 30, respectively. The formula for the comprehensive evaluation method of various pollution elements is shown in formula (3):
where RI is calculated as the sum of all potential ecological risk indexes of mul- 
Data Statistics
Statistical analyses were conducted using Origin 8.0 (Origin Lab Corp., Northampton, MA, USA) and Excel 2013 (Microsoft Corp., Redmond, WA, USA).
Results and Discussion
Concentrations of Heavy Metals in the Sediments
The concentration of heavy metals was shown in the decreasing order: Mn > Zn > Cu > Pb > Cr > Ni > As > Co > Cd ( Figure 2 
Proportion of Various Fractions in the Sediments
The evaluation of chemical fraction and composition of each metal in the sediments can provide useful information regarding the source, mobilization, avail-Open Access Library Journal ability, and transport. The percentage of heavy metals associated with different fractions occurred in the following order ( Figure 3) : [27] .
In the sediments of the Pearl River networks, the proportion of Cd associated with exchangeable and carbonate fractions was the highest. The primary reason was attributable to the aquatic environment containing a high concentration of 3 HCO − , which originated from the Karst area of the Pearl River upstream basin, and a large amount of calcium lime was used as a flocculant to adsorb and co-precipitate Cd − during the cadmium pollution accident that occurred in the Beijiang River, owing to formed 3 CdCO − in the neutral pH condition. The exchangeable and carbonate fractions of the sediments are more labile and readily leachable or bio-available, because the adsorbed heavy metal ions can be released into water when the concentration of the hydrogen ion increases in the water, in comparison with other fractions. Therefore, the concentration and accounted proportion of the exchangeable and carbonate fractions in the sediments can be directly related to the bioavailability, mobility, and environmental impact of the heavy metals [28] [29] . Based on the percentage of exchangeable with carbonate fractions to the total concentrations, the mobility of the heavy metals investigated in the sediments of the Pearl River networks were observed in the following order: Cd > Mn > Co > Zn > Ni > Cu > Pb > As > Cr. According to the results, for Cd and Mn, the fractions with the combination of exchangeable and carbonate were found to be predominant in most samples, and could be released gradually from the sediment into the water and organisms.
Risk Assessment of Heavy Metals in the Sediments
Risk Assessment Code (RAC)
The results indicated that the RAC values for Cr and As mobilization ranged from 0.41 to 6.69 and from 0.33 to 4.68 respectively, corresponding to "no risk" or "low risk" in all sites. The RAC values of Cu, Pb, Co, Zn, and Mn ranged from 2.11 to 22.12, 0.05 to 39.29, 13.54 to 39.56, 6.27 to 21.09, and 27.74 to 62.69, respectively (Figure 4(a) , Figure 4(b) ). Furthermore, 28.5% of sampling sites (Cu), 71.4% of sampling sites (Zn), and 90% of sampling sites (Mn) exhibited Open Access Library Journal "medium risk". For Pb mobilization, some samples showed "high risk", but the majority sites were "no risk" or "low risk". The RAC of Cd varied from 16.93 to 65.4, and over 76.71% of the sampling sites were "extremely high risk". The results indicated that the toxic metals of Zn and Cd would be more abundant and bio-available than the other metals. The spiking sites were distributed in the midstream reaches, especially in sampling sites N2 to N7 along the river.
Enrichment Factor (EFc)
The contamination of heavy metals in sediments was considered to be derived from human activities and the natural weather; however, it was difficult to obtain the full information to distinguish the pollutant sources by a typical analysis and a comparison to the polluted level. Many studies have highlighted that heavy metals in the sediments coming from natural sources exhibit a higher correlation compared to the background value and reference elements than from anthropogenic sources; therefore, the metal to metal relative ratios were widely used because it could better assess and distinguish their polluted sources [21] The RI value in the sediments ranged from 167.7 to 2481.6, with an average of 475.3, 57% of the sampling sites exhibited "very high ecological risk". Particularly, N6 (596.2), N7 (2481.6), and S5 (763.4) exhibited the higher potential ecological risk and disperse distribution characteristics. Furthermore, they were all located in the major area of the Pearl River delta around developed processing industries, a highly dense population, and a large number of electronics.
Conclusion
The mobility of heavy metals in sediments of the Pearl River networks was indicated as the decreasing order: Cd > Mn > Co > Zn > Ni > Cu > Pb > As > Cr. Cd and Mn showed the higher mobility and bioavailability than the other heavy metals. The enrichment factor demonstrated that most of the samples of Cr, Co, and Ni were classified under "no contamination", which confirmed that the metal primarily originated from natural sources. The evaluation results indicated that Cu, Zn, Pb, and Cd with peaking sites at N7, owing to the high density of population and industrial distribution. Among the heavy metals, Cd was the primary metal contributing to the sediment toxicity; the average contribution rate to the comprehensive potential ecological risk index constituted 84% in the region, and required more attention.
